The authors report a simple experimental method to accurately measure the volume fraction of artificial opals. The results are modeled using several methods, and they find that some of the most common yield very inaccurate results. Both finite size and substrate effects play an important role in calculations of the volume fraction. The experimental results show that the interstitial pore volume is 4%-15% larger than expected for close-packed structures. Consequently, calculations performed in previous work relating the amount of material synthesized in the opal interstices with the optical properties may need revision, especially in the case of high refractive index materials. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2748305͔ Self-assembly of silica and polystyrene ͑PS͒ colloids into artificial opals 1 provides a low-cost and simple method to fabricate three-dimensional ͑3D͒ photonic crystals.
The authors report a simple experimental method to accurately measure the volume fraction of artificial opals. The results are modeled using several methods, and they find that some of the most common yield very inaccurate results. Both finite size and substrate effects play an important role in calculations of the volume fraction. The experimental results show that the interstitial pore volume is 4%-15% larger than expected for close-packed structures. Consequently, calculations performed in previous work relating the amount of material synthesized in the opal interstices with the optical properties may need revision, especially in the case of high refractive index materials. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2748305͔ Self-assembly of silica and polystyrene ͑PS͒ colloids into artificial opals 1 provides a low-cost and simple method to fabricate three-dimensional ͑3D͒ photonic crystals. 2, 3 Other fabrication routes 4 for 3D photonic crystals show promising results, but to date, opals have demonstrated the best optical response while being experimentally highly accessible. Among the many methods to fabricate artificial opals, the vertical deposition method 5 is the most commonly used; high quality thin opaline films can be grown in a few hours. However, as-grown artificial opals have limited optical interest. Their potential is not fully developed until they are used as templates for the formation of other materials. [6] [7] [8] The optical properties depend on the crystal topography, the volume fractions ͑f s ͒, and the refractive indices of the component materials. Thus, knowing f s with high accuracy is particularly important. Since artificial opals are typically crystallized into a face-centered-cubic ͑fcc͒ lattice, 9 it has been assumed that they are close packed with f s = / ͱ 18 Ϸ 0.74. [7] [8] [9] In this letter we show a technique to perform accurate measurements of f s and evaluate different theoretical models to fit the data. It is observed that the careful choice of a theoretical model is fundamental since some widely used methods yield severely incorrect results. Using our approach, we find that f s is less than 0.74 in all samples studied.
The experiments presented in this letter were performed on silica and PS opals grown through the vertical deposition method.
5,10 PS opals were formed on glass slides from water suspensions of colloids, and silica opals were formed on silicon substrates from ethanol suspensions. Figure 1 shows the reflectance spectra 11 of ͑a͒ PS and ͑b͒ silica opals in air ͑thick line͒ and ethanol ͑thin line͒. The shift of the spectral position of the diffraction peak when the sample is immersed in ethanol is used to calculate f s . To ensure that the structure of the opal is not damaged during the process, we verified that identical spectra were obtained from the dry sample before and after it is soaked in ethanol. See the supplementary information section for additional experiments confirming that the opal structure remains constant during the measuring process. 12 The simplest model for characterizing the spectral position of the diffraction peak from a periodic sample is Bragg's law. In the particular case of normal incidence,
, where is the wavelength, d 111 is the distance between ͑111͒ planes, and n s and n m are the refractive indices of the spheres and the surrounding medium, respectively. The relative wavelength shift of the stop band of the sample in ethanol is, ⌬ / air = ͑ ethanol − air ͒ / air . Applying Bragg's law to this definition we obtain the following expression:
This expression only depends on the refractive indices of the materials that compose the structure and f s . It is independent of the lattice geometry and the sphere diameter. Assuming that opals are close-packed structures, according to Eq. ͑1͒, the relative shift after immersion in ethanol should be 5.17% for a PS opal ͑n s = 1.57͒ and 5.99% for a silica opal ͑n s = 1.44͒. If this were correct, the center of the diffraction peaks in Fig perimental values of ⌬ / air ͑9.9% for the PS opal and 9.1% for the silica opal͒ would correspond to f s of 55% for PS and 62% for silica. These values are obviously too low to be physical and highlight that Bragg's law is very inaccurate for the measurement of f s .
The plane wave expansion ͑PWE͒ method 13 accounts for the geometrical aspects of the lattice, while Bragg's law approximates the structure as a stack of scattering centers. With PWE, the spectral position of the first stop band is obtained from the photonic band structure. Figure 2͑b͒ shows the relationship between the relative shift of PS ͑dashed line͒ and silica ͑solid line͒ opals and their f s according to the PWE method. Following this model, the experimental results from Fig. 1 correspond to opals with f s of 69% ͑silica opal͒ and 65% ͑PS opal͒. These values are closer to those expected for close-packed structures ͑ϳ74% ͒, but still too low. The distance between the neighboring spheres in a fcc lattice with an f s of 65% is 1.05 times the sphere diameter and should be observable with a scanning electron microscope ͑SEM͒.
Galisteo-Lopez et al. 10 observed that the central wavelength of the reflectance peak depends on both the number of layers of the opal and the refractive index of the substrate. The PWE method assumes that the photonic crystal is infinite in all dimensions and does not account for finite size or substrate effects. Since our opals are thin ͑10-30 layers͒, it is reasonable to suspect that the reflectance peak relative shift may depend on the number of layers of the sample. Several theoretical models can calculate the reflectance spectrum of a photonic crystal accounting for the sample thickness and the substrate. These methods include Korringa-Kohn-Rostoker ͑KKR͒, 14 scalar wave approximation ͑SWA͒, 15 and methods based on finite difference in the time/frequency domain techniques. 16 KKR and SWA are only accurate for low index contrast structures, while the latter can be used for almost any configuration. KKR and SWA require much shorter computation times; since our structures are low refractive index contrast, these methods are well suited. Figure 3 presents the relative shift dependence on the number of layers for ͑a͒ close-packed silica and ͑b͒ PS opals on Si and glass substrates, demonstrating that both the substrate refractive index and the sample thickness do indeed affect the relative shift and should be considered for thin samples ͑Ͻ80 layers͒. For effectively infinite systems with a large number layers, such as sedimented opals, 9 calculations must converge to the results obtained with the PWE method ͑dotted horizontal lines in Fig. 3͒ . It is observed that KKR converges to the PWE method better than the SWA.
The relative shift of the diffraction peaks was measured for more than 30 samples of silica and PS spheres with sphere diameters ranging from 300 to 700 nm. Fitting of the experimental results with the calculations performed with KKR revealed f s typically between 71% and 73%. Experimentally, measurements were limited by the fact that thin film artificial silica opals rarely present domains of more than 25 layers, and opals thinner than ϳ10 layers do not exhibit strong diffraction peaks when ethanol filled. PS opals may present thicker domains; 17 however, they are not mechanically stable, and repeatedly soaking in ethanol caused severe deterioration.
The f s obtained when the experimental data are fitted with theoretical models accounting for finite thickness and substrate effects are closer to the values expected for closepacked structures. However, f s values are still found to be below 74%. Accurate knowledge of f s is paramount for tuning the optics of the photonic crystal 18, 19 when opals are used as templates for high refractive index materials. For example, an opal with f s = 70% has a 15% greater pore volume than a close-packed fcc structure.
Our results show that a model based on the fcc symmetry that accounts for substrate and size effects simulates the experimental results with high accuracy. We have demonstrated that the sphere volume fraction in artificial opals is below 74%, and future work will be necessary to determine the exact mechanism behind this deviation. Here we rule out some possible reasons for the low f s and suggest realistic possibilities. Uncertainty in n s does not explain the low f s obtained; calculations show that f s varies less than 0.5% when n s is given any value between 1.40 and 1.45. In any case, the refractive index of silica spheres can be accurately measured to within 0.01 using the index matching method. 20 The presence of adsorbed water is also unlikely since silica spheres are calcined at 600°C for 10 h before opal formation. 21 During this heating process, the internal pores are closed; therefore, the effect that sphere porosity may have is also eliminated. Furthermore, in Ref. 20 , it was demonstrated that appreciable diffusion of liquids into the internal pores is a process that may take several days. Our measurements are, however, finished in a few seconds. Certain classes of imperfections in the lattice are a possible explanation. Cracks or disordered regions affect the intensity and width of the reflectance peak but not its spectral position and, therefore, do not affect our measurements. Point defects are also unlikely to be responsible since their concentration is found to be less than 0.1% by confocal microscopy ͓Figs. 4͑b͒ and 4͑c͔͒. The two most likely possibilities are sphere polydispersity, ϳ3% for the samples studied, and the possibility of a distortion of the lattice normal to the substrate driven by the convective vertical assembly process. These deviations from a fcc lattice could lead to an increase in the average distance between neighboring spheres and cause a decrease in f s . Direct observation methods such as SEM are not sufficiently accurate to measure small lattice distortions. Potentially, microradian x-ray diffraction at a thirdgeneration synchrotron may provide future data confirming if lattice distortions are present. 22 The approach presented here to measure f s in artificial opals is simple, accurate, and applicable to many kinds of photonic crystals. Among the four theoretical models that were considered, KKR is the most accurate, while methods that do not account for finite size and substrate effects, 10 such as Bragg's law and PWE, should not be used for thin film opals. Our experimental results show that artificial opals may have a pore volume of 4%-15% larger than the expected for close-packed fcc crystals. Models used to calculate the fraction of material loaded into opals based on observed optical features should be revised.
